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Abstract 


Within the bioenergy debate, the ‘food vs. fuel’ controversy quickly replaced enthusiasm for biofuels derived from 
first-generation feedstocks. Second-generation biofuels offer an opportunity to produce fuels from dedicated 
energy crops, waste materials or coproducts such as cereal straw. Wheat represents one of the most widely grown 
arable crops around the world, with wheat straw, a potential source of biofuel feedstock. Wheat straw currently 
has limited economic value; hence, wheat cultivars have been bred for increased grain yield; however, with the 
development of second-generation biofuel production, utilization of straw biomass provides the potential for 
‘food and fuel’. Reviewing the evidence for the development of dual-purpose wheat cultivars optimized for food 
grain and straw biomass production, we present a holistic assessment of a potential ideotype for a dual-purpose 
cultivar (DPC). An ideal DPC would be characterized by high grain and straw yields, high straw digestibility (i.e. 
biofuel yield potential) and good lodging resistance. Considerable variation in these traits exists among current 
wheat cultivars, facilitating the selection of improved individual traits; however, increasing straw yield and 
digestibility could potentially have negative trade-off impacts on grain yield and lodging resistance, reducing the 
feasibility of a single ideotype. Adoption of alternative management practices could potentially increase straw 
yield and digestibility, albeit these practices are also associated with potential trade-offs among cultivar traits. 
Benefits from using DPCs include reduced logistics costs along the biofuel feedstock supply chain, but practical 
barriers to differential pricing for straw digestibility traits are likely to reduce the financial incentive to farmers for 
growing higher ‘biofuel-quality’ straw cultivars. Further research is required to explore the relationships among 
the ideotype traits to quantify potential DPC benefits; this will help to determine whether stakeholders along the 
bioenergy feedstock supply chain will invest in the development of DPCs that provide food and fuel potential. 
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Introduction 


Biofuels, which are liquid or gaseous fuels produced 
from plant biomass, are being produced for use in the 
transport sector with the purpose of reducing green- 
house gas (GHG) emissions and increasing energy secu- 
rity (Valentine et al., 2012; Khanna & Chen, 2013). 
Currently, the majority of biofuel produced is first-gen- 
eration biofuel (FGB), in particular bioethanol, which is 
produced from edible plant material such as wheat 
grain (Simbolotti, 2013). The use of FGB has been criti- 
cized due to potential competition with food production 
(Oladosu & Msangi, 2013) and loss of natural ecosys- 
tems through indirect land-use change (Kim & Dale, 
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2011). These issues have helped drive the development 
of second-generation biofuel (SGB), which is produced 
from lignocellulosic biomass such as crop and forestry 
residues, waste paper and dedicated energy crops 
(DECs), and is, therefore, considered to have minimal 
impact on food production (Gnansounou, 2010). Euro- 
pean Union legislation has set a mandatory minimum 
target of a 10% share of energy from renewable sources 
in transport fuels by 2020, with the majority of this 
expected to be from biofuels (EU, 2009a). 

The biggest potential source of feedstock for SGB pro- 
duction in Europe is straw from wheat (Triticum aes- 
tivum L.; Scarlat et al., 2010). The area of wheat grown 
and the potential supply of straw vary with country. In 
the UK, approximately 2 million hectares of wheat is 
grown (Anon, 2014a). The straw from wheat production 
has multiple applications including use as animal 
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bedding, mushroom production substrate and feedstock 
for biomass-burning power stations (Copeland & Tur- 
ley, 2008). However, supply greatly exceeds demand 
and a large amount of straw is chopped and incorpo- 
rated into the soil after grain harvest (Glithero et al., 
2013a). Some of this incorporated straw could be baled 
and used as feedstock for bioenergy production without 
leading to competition with other straw users. 

When left in situ, the straw provides benefits such as 
improved soil structure and water retention, reduced 
soil erosion, maintained or increased soil organic matter, 
carbon sequestration and nutrient return (Smil, 1999; 
Blanco-Canqui & Lal, 2009; Huggins et al., 2011). The 
impacts of removing residues on soil properties are, 
however, highly variable and site specific. Conse- 
quently, very few consistent effects have been found; 
however, Blanco-Canqui & Lal (2009) conclude that it is 
feasible to remove some residues, but this will depend 
on the specific location and cropping system. Therefore, 
individual sites need to be assessed to determine 
whether straw can be sustainably removed (Powlson 
et al., 2011). Resources are available to estimate the 
quantities that can be removed without excessive soil 
erosion (e.g. models such as RUSLE2, WEQ or SCI; see 
Andrews, 2006), but these may not be appropriate for 
individual farmers making decisions about residue man- 
agement and also do not estimate soil impacts other 
than erosion. It may be more appropriate to use general 
guidelines such as that by Lafond et al. (2009) who sug- 
gested that, for the region there were assessing, it was 
sustainable to remove the straw provided that it did not 
happen more than two of every 3 years. In estimating 
straw availability, Scarlat et al. (2010) found that the lit- 
erature estimates for sustainable removal ranged from 
15% to 60%. In Europe, there are very few resources 
available for determining how much straw can be sus- 
tainably removed; this may be due to soil erosion histor- 
ically being considered less of a problem in Europe 
compared to countries such as the USA where guideli- 
nes are available. However, the sustainability of straw 
removal is of direct importance for ethical and environ- 
mental acceptability of SGBs; for example, it is impor- 
tant to know whether the fossil fuel GHG emissions 
displaced through the use of biofuels are outweighed by 
the reduction in soil carbon sequestration and increase 
in fertilizer requirements resulting from straw removal. 

There is uncertainty regarding the amount of straw 
chopped and incorporated, and, taken together with the 
uncertainty regarding the amount of straw that can be 
sustainably harvested, it is unclear how much straw is 
available for bioenergy production. In the UK, for 
example, estimates of straw availability vary widely (c.f. 
Copeland & Turley, 2008 vs. Glithero et al., 2013a) due 
to uncertainty about the amount of straw currently used 


and straw yield per se, which are often calculated from 
average straw-to-grain ratios that might not reflect the 
actual yield relationship during the year the estimate is 
made. Straw availability may also be overestimated as 
calculations often assume that all farmers who can sus- 
tainably supply straw will supply that straw, whereas, 
in reality, many farmers are unwilling to do so because 
of, for example, concerns about negative soil impacts 
and potential delays in planting subsequent crops 
(Glithero et al., 2013b). 

The amount of straw required for economically sus- 
tainable biofuel production at the individual processing 
plant level is currently unknown. The cost of SGB pro- 
duction depends on the trade-off between economy of 
scale of biorefinery size and biomass transportation 
costs (Aden et al., 2002). This suggests that the feasibil- 
ity of biofuel production will depend on the availability 
of large amounts of easily accessible biomass. In mod- 
elling bioethanol production, Littlewood et al. (2013) 
considered a biorefinery feedstock demand of approxi- 
mately 750 000 t yr In contrast, the world’s first com- 
mercial SGB biorefinery, Beta Renewables’ Crescentino 
biorefinery in Italy, has a maximum feedstock demand 
of 270 000 t yr! (comprising a mixture of rice straw, 
wheat straw and Arundo donax, the common giant reed; 
Anon, 2013), which suggests feasibility of smaller scale 
production. Running a biorefinery below capacity is 
likely to be economically unfeasible, and therefore, esti- 
mates of straw availability should be based on feedstock 
availability from unfavourable years, when straw yields 
are low, to ensure resilience of the biorefinery (Scarlat 
et al., 2010). In the UK, competition for straw supply is 
also increasing with a number of straw-burning power 
stations planned (e.g. the Sleaford and Brigg plants 
being constructed by Eco2 UK). Already, this expansion 
of straw use is causing problems with Eco2 UK failing 
to gain planning permission for their proposed straw- 
burning power station in Mendlesham, Suffolk, partly 
due to concerns about competition with other wheat 
straw users (Simkins, 2014). This highlights that 
although straw is available, its high transportation costs, 
due to its low bulk density, restricts supply to local 
areas (Valentine et al., 2012) and means that excessive 
demand in a particular region leads to local competi- 
tion. As with the Crescentino plant, it is likely that a 
diverse mix of lignocellulosic material will be required 
for commercial success so as to not place too much pres- 
sure or reliance on a single feedstock resource. 

The above issues strongly suggest that for a biorefin- 
ery to be able to operate biomass availability will have 
to increase. One possibility for increasing biomass 
availability is through growing DECs, such as Miscant- 
hus or short-rotation coppice willow or poplar (Valen- 
tine et al., 2012). In the UK in 2013, there was an 
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estimated 7078 ha Miscanthus and 2650 ha short-rotation 
coppice in England (Defra, 2014). There is considerable 
land suitable for growing DECs, but the majority of this 
is already being used for agriculture and other uses 
(Lovett et al., 2014). It has been further proposed that 
DECs can be grown on marginal land (i.e. poor yielding 
land) to avoid or reduce competition with food produc- 
tion; however, there is uncertainty as to how much land 
is available due to the difficulty in defining ‘marginal 
land’ (Shortall, 2013). Furthermore, there is uncertainty 
about the feasibility of using poor quality land for the 
production of DECs; crucially, the financial benefit of 
growing DECs on marginal land is dependent on the 
relative yield penalties of DECs and typical arable crops 
(Glithero et al., 2015). Regardless of this, both arable 
and livestock farmers have shown little interest in grow- 
ing DECs in England (Glithero et al., 2013c; Wilson 
et al., 2014), implying there is limited scope for increas- 
ing DEC production. Allen et al. (2014) considered DEC 
production across Europe and also suggested that there 
was limited land available for their production and it is 
unlikely to be economically feasible to grow DECs as 
much of the available land was poor yielding, frag- 
mented, difficult to access and with limited water sup- 
ply. Increasing production beyond the limits of the 
marginal land would, therefore, require expansion of 
the growing of DECs to non-marginal land, which as 
previously highlighted is undesirable given issues of 
competition with food production. 

These factors collectively suggest that increases in 
SGB feedstock availability will, therefore, require an 
increase in lignocellulosic biomass yields on the land 
already being used for crops, such as through increased 
residue yields. Thus, the development of a SGB produc- 
tion industry could lead to a greater importance being 
placed on crop residues and could encourage farmers to 
select wheat cultivars with higher straw yields. A focus 
on increasing yields of the residue component of crops 
could, in turn, lead to the development of a dual- 
purpose cultivar (DPC) that is optimized for both grain 
and straw production. 

Contemporary ideas of improving cultivars for dual 
purposes include de Leon & Coors (2008) and Salas Fer- 
nandez et al. (2009) who have suggested the breeding of 
maize cultivars that have characteristics beneficial to 
both food production and energy production, delivering 
both high grain and residue yields. Lorenz et al. (2010) 
investigated the possibility of increasing maize stover 
yield, suggesting that this would be possible without 
reducing grain yield. Himmel et al. (2007) and Harris & 
DeBolt (2010) have proposed the development of crops 
with increased potential biofuel yield from the straw 
(referred to in this study as digestibility). Phitsuwan & 
Ratanakhanokchai (2014) consider the development of 


Elite Rice that has improved grain yield, straw yields 
and digestibility plus improved lodging resistance. 
Nasidi et al. (2015) compared sorghum cultivars for use 
as feedstock for SGB production by considering biomass 
yield and digestibility. 

DPCs could be chosen from among currently grown 
cultivars, or new cultivars could be bred, to have 
improved traits for both food and energy production. 
Genetic modification techniques could potentially 
improve traits in a DPC and have been suggested by 
some authors, although current constraints on the use 
of genetic modification in Europe currently restrict the 
selection of a DPC to those that can be produced from 
conventional crop breeding. There is some work assess- 
ing currently grown wheat cultivars for their use as 
DPCs (e.g. Larsen et al., 2012), but, in general, there is 
only limited information available on this topic. 

This review examines the literature on key traits, and 
the potential trade-offs among these traits, for a wheat 
DPC to provide a basis for further research into DPCs. 
It also considers how management practices could pro- 
vide additional or alternative strategies with respect to 
the use of DPCs to improve these traits. The review con- 
cludes with a set of recommendations for the further 
development of DPCs. The review draws on the litera- 
ture from throughout the world but has a particular 
focus on the potential development of a DPC for use in 
the UK and northern Europe in general. 

The key DPC traits considered in this review are 
grain yield, straw yield and straw digestibility. Another 
trait, lodging resistance, is also considered important 
due to potential trade-offs with the other traits. Within 
this review, the DPC concept is considered within the 
context of SGB production but, with the exception of 
digestibility, the key traits still apply to a cultivar for 
bioenergy production via straw combustion. 

The article has the following structure: following this 
introduction, section ‘Straw yield’ considers straw yields 
of wheat cultivars. Wheat straw digestibility (section 
‘Straw digestibility’) and lodging in wheat (section 
‘Lodging susceptibility’) are then considered. Grain yield 
is considered in section ‘Trade-offs’ via an examination 
of the potential grain yield trade-offs associated with 
these traits. Key management practices that influence 
traits are presented in section ‘Crop management’ which 
highlights potential management trade-offs for optimis- 
ing each trait. Section ‘Recommendations’ presents 
recommendations for the use and development of DPCs. 


Straw yield 


The first key trait of a DPC to be considered is straw 
yield. Cultivars differ considerably in their straw yields 
(Donaldson et al., 2001; Engel et al., 2003; Skøtt, 2011; 
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Larsen ef al., 2012). Yield variation is most obvious 
when comparing modern cultivars with older cultivars 
as in general straw yields have decreased (both actual 
straw yields and as a fraction of total biomass) over the 
past 100 years, in particular with the development of 
semidwarf cultivars (e.g. Austin et al., 1980; Shearman 
et al., 2005 — see section ‘Grain and straw yields’ and 
Fig. la-c). 

Straw yields have been assessed for modern wheat 
cultivars: Larsen et al. (2012), in attempting to identify 
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Fig. 1 Grain and straw yields for winter wheat cultivars with 
different dates of release with data reproduced from: (a) Austin 
et al. (1980); (b) Austin et al. (1989); (c) Shearman et al. (2005). 
Straw yields calculated as total AGDM less the grain yield. 
Dashed line represents general trend for straw yields, and solid 
line represents general trend for grain yields. 


the cultivars with high straw yields for use as feedstock 
for biofuel production found yields ranged from 
2.7 tha™! to 42tha! in one field experiment and 
3.4 tha | to 4.6 t ha ! in another. [n-b. straw yield here 
refers to the amount that is baled and removed from the 
field. Some straw will be left on the field as stubble 
whilst other straw, in particular leaf and chaff (i.e. the 
nongrain biomass from the ear), will be lost during 
combine harvesting and baling; this could potentially 
account for 60% of total straw (Boyden et al., 2001)]. 
Agronomists at the University of Kentucky in the US 
have provided straw yield data in their cultivar trials 
(e.g. Bruening et al., 2014), with the suggestion that cul- 
tivars can be selected based on straw yield to provide a 
secondary commodity (Lee & Herbek, 2009). In the 2014 
variety performance test of US wheat cultivars, straw 
yields ranged from 1.23 t ha! to 3.88 t ha! with an 
average of 2.67 t ha '. Straw yields were unrelated to 
grain yields suggesting that cultivars can be selected for 
high straw yields from among cultivars with high grain 
yield. However, the relative rankings of 37 cultivars 
common to the 2012, 2013 and 2014 field trials demon- 
strate inconsistencies over time for some cultivars; for 
example, the cultivar Pioneer variety 25R32 had the low- 
est straw yield in 2014, the fourth highest in 2013 and 
the seventh lowest in 2012. This is in contrast to Syn- 
genta SY 483 that had the highest straw yields in 2014 
and 2013, and the third highest in 2012. 

In general, there is limited straw yield data available 
as straw yields are rarely quantified. There are two 
main reasons for this: firstly, straw is seen as a by-pro- 
duct to the more important grain, with less incentive for 
it to be quantified as its economic value is much lower; 
secondly, straw yields are more difficult to quantify 
than grain yields, particularly on trial plots, due to 
straw losses and movement between combining and 
baling, as well as the need for specialist equipment to 
take account of topography so as to have an even level 
of stubble for each plot. In the UK, it is likely that 
knowledge of cultivar straw yields does exist within the 
farming community (i.e. anecdotal), but there are cur- 
rently no published resources available to aid farmers 
in selecting for wheat straw yields. The cultivar lists 
produced by the University of Kentucky appear to be 
unique among recommended lists (RLs) in offering 
straw yield data for wheat cultivars. Straw yields are 
not currently given in RLs for UK cultivars, and there 
are no published records of straw yields for individual 
cultivars. 

One difficulty in identifying cultivars with high straw 
yields is that there are many environmental and 
management factors (discussed further in section 
‘Crop management’) that influence straw yield (Engel 
et al., 2003) such as sowing date and sowing density 
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(Donaldson et al., 2001), nitrogen and water availability 
(Engel et al., 2003), and fungal infections and, therefore, 
fungicide treatment (Jorgensen & Olesen, 2002). Cli- 
matic conditions also have a large influence on straw 
yields; large-scale assessment of wheat straw yields (see 
Larsen et al., 2012; for references) found that there was 
considerable temporal variation, with 46% variation in 
the yearly averages, which was hypothesized to be a 
result of differences in weather between years. These 
environmental factors interact with genotypic factors 
(Engel et al., 2003), further complicating the identifica- 
tion of high straw-yielding cultivars. 

Attempts have been made to understand the environ- 
mental influences on straw yield. Engel et al. (2003) pro- 
duced an equation linking straw yield to plant height, 
grain yield and either grain protein content or straw 
nitrogen (N) concentration (these give an indication of 
N availability); however, the authors found this rela- 
tionship varied with water availability, which had an 
inconsistent influence on yields. 

More frequently measured is above ground dry mat- 
ter (AGDM) and harvest index (HI), which is the ratio 
of grain to AGDM (see section ‘Grain and straw yields’). 
Using these the non-grain biomass can be calculated, 
which can be used as a proxy for straw yield (although 
this will be an overestimate of baled straw yield due to 
it including stubble, leaf and chaff material that would 
be left on the field). Hay (1995), in reviewing cereal HI, 
suggests that HI is reasonably fixed unless there are 
severe unfavourable conditions. This would suggest 
that straw yields follow those of grain so in conditions 
favourable to high grain yields and high straw yields 
will be achieved. When unfavourable conditions occur, 
it is likely that straw yields are more heavily impacted 
than grain yields as the plant increases resource alloca- 
tion to the grain (Linden et al., 2000), although this will 
vary with the extent and type of unfavourable condi- 
tions as well as the period in which they occur during 
the crop’s life cycle. 


Straw digestibility 


The biofuel yield of straw depends not only on the total 
sugars present in the material but also the ease at which 
these sugars are made accessible to fermentation during 
processing. Digestibility, also referred to as degradability 
and saccharification potential, refers to the amount of 
sugar released from a feedstock under specific process- 
ing conditions. This is considered an important trait for 
the DPC ideotype as using plant material with higher 
digestibility could reduce SGB production costs (Linde- 
dam et al., 2012; Oakey et al., 2013), for example through 
requiring lower enzyme amounts and milder pretreat- 
ment conditions (Lindedam et al., 2014), or lowering the 


amount of feedstock required to produce a set amount 
of biofuel. 

A number of studies have considered the digestibility 
of wheat cultivars. Early work considered wheat straw 
digestibility from the perspective of its use as animal 
feed (reviewed in McCartney et al., 2006) or for mush- 
room production (e.g. Savoie et al., 1994), which are 
analogous to its digestibility for biofuel production. A 
number of these studies showed wheat straw digestibil- 
ity varied with cultivar (e.g. Knapp et al., 1983; Kernan 
et al., 1984; Capper, 1988; Habib et al., 1995) and with 
environmental conditions (Tolera et al., 2008). 

Although these studies provide an indication of 
digestibility, recently, the digestibility of wheat cultivars 
has been investigated for biofuel production. When con- 
sidered as feedstock for biofuel production, differences 
in digestibility among cultivars have been identified 
(Lindedam et al., 2010a, 2012; Jensen et al., 2011; Wu 
et al., 2014; Murozuka et al., 2015) although Larsen et al. 
(2012) did not find a significant difference in the culti- 
vars they assessed. The extent of the range of digestibil- 
ity varied among the studies (Fig. 2). This might be due 
to the studies using different assays, which prevents 
direct comparisons, but it could also result from differ- 
ences in the type and number of cultivars assayed (c.f. 
five cultivars in Lindedam et al., 2010a; vs. 109 in Jensen 
et al., 2011). 

Developing DPCs with improved digestibility will 
depend on identifying the genetic and environmental 
factors determining digestibility. Various factors have 
been shown to influence the recalcitrance of lignocellu- 
losic material (reviewed in Zhao et al., 2012). These 
include the following: chemical structural features such 
as the relative contents of cell-soluble matter, acetate, 
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Fig. 2. Minimum and maximum values for the quantity of 
sugar released per g of biomass for multiple wheat cultivars, 
from four assessments. References for the four assessments and 
number of cultivars (n) assessed in each study: (a) Larsen et al. 
(2012), n = 10; (b) Lindedam et al. (2010a, n = 5; (c) Lindedam 
et al. (2012), n = 20; (d) Jensen et al. (2011), n = 109. 
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ash, cellulose, hemicellulose and lignin; and physical 
structural features such as accessibility, particle size, 
surface area, pore volume, degree of polymerization 
and crystallinity. 

Although these factors influence digestibility, it is 
often unclear why cultivars differ in digestibility. Know- 
ing which features are responsible for this could allow 
more targeted crop breeding for increased digestibility. 
The majority of studies comparing digestibility among 
cultivars considered reasons for any differences seen; 
however, due to the many factors that could have an 
influence, these studies were limited in the range of fac- 
tors they considered. These physical and chemical fac- 
tors are also differently affected by pretreatment 
methods (Zhao et al., 2012) and, therefore, the specific 
assays used for measuring digestibility; this might 
explain why different studies identified different factors 
as being important in determining digestibility. 

Plant material digestibility can be influenced by varia- 
tion in the proportions of lignin, cellulose and hemicel- 
lulose composing the cell wall (Pauly & Keegstra, 2008). 
There is considerable variation in the contents of these 
in wheat (Collins et al., 2014). For example, Wu et al. 
(2014), in assessing 115 wheat ascensions, found that the 
plant dry matter consisted of 27.5-36.4% cellulose, 28.4— 
35.1% hemicellulose and 19.3-24.5% lignin. 

If during the processing of lignocellulosic material 
into biofuel, all of the cellulose was converted into bio- 
fuel, then biofuel yield would be entirely dependent on 
the amount of cellulose. However, it is likely that only 
part of the cellulose will be extracted making the ease at 
which that cellulose is extracted, rather than the total 
amount, important. This may explain why cellulose con- 
tent tends not to determine the differences in digestibil- 
ity (e.g. Murozuka etal., 2015). Habib et al. (1995) 
actually found a negative relationship between cellulose 
content and digestibility; Lindedam et al. (2012) sug- 
gested that this result may be due to the positive corre- 
lation seen between cellulose and hemicellulose 
contents and the negative impact hemicellulose has on 
sugar release. This may result from differences in the 
amount of leaf material between samples as leaf mate- 
rial has been shown to have higher digestibility but 
lower proportions of cellulose and hemicellulose than 
stem (see below); the negative relationship between cel- 
lulose content and digestibility could, therefore, be 
because as leaf proportion increases relative to stem 
proportion, digestibility increases whilst the overall pro- 
portion of cellulose and hemicellulose decreases. 

Lignin and hemicellulose restrict access to the cellu- 
lose in the cell wall, so they need to be removed during 
pretreatment to allow hydrolysis of the cellulose. There- 
fore, the amounts of lignin and hemicellulose in the lig- 
nocellulose material are likely to influence digestibility. 


Lindedam et al. (2012) found digestibility was nega- 
tively correlated with lignin content, but Habib et al. 
(1995) did not find a relationship. Wu et al. (2014) found 
a negative correlation between sugar release and hemi- 
cellulose content, but Lindedam et al. (2012) found a 
positive relationship, although their assay was consider- 
ing sugar release from both cellulose and hemicellulose, 
which is in contrast to most other assays that just con- 
sidered sugar release from cellulose. Lindedam et al. 
(2010a) found that differences in digestibility were inde- 
pendent of chemical composition. Regarding lignin, an 
explanation for the inconsistency in these results could 
be due to the ease at which lignin is removed being 
determined by the specific location of the lignin and the 
mechanism in which the lignin is interacting with other 
components of the cell wall, rather than the total 
amount of lignin present. 

As well as the carbohydrates in the cell wall, soluble 
carbohydrates may also influence digestibility. Incom- 
plete translocation of soluble carbohydrates from the 
stem to the grain means that these are available for con- 
version to biofuel (Capper et al., 1992). Tolera et al. 
(2008) suggested that the differences in digestibility 
between years that they found in their study could be 
due to differing amounts of soluble carbohydrates in 
the stem resulting from variation in rainfall between 
years; they hypothesized that high rainfall in one year 
led to higher digestibility either by increasing leaching 
of soluble carbohydrates from the stem or by increasing 
the rate of soluble carbohydrate translocation to the 
grain. 

Plant matter also consists of ash, which is the inor- 
ganic residue. Negative correlations between ash con- 
tent and digestibility have been identified (e.g. 
Lindedam et al., 2012). One possibility for this negative 
correlation is that additional ash is present at the 
expense of cellulose, although it is also likely that addi- 
tional ash is inhibiting sugar release through processes 
that have yet to be determined. When considering indi- 
vidual elements, Murozuka et al. (2015) found that 
digestibility was not related to silicon content but was 
negatively correlated to potassium and sulphur con- 
tents, which suggests that nutrient availability in the 
soil could influence digestibility. 

Another factor that is important in determining 
digestibility is the gross morphology of the plant (Cap- 
per, 1988). Digestibility varies with cell and tissue types, 
with overall digestibility varying with the proportions 
of each (Travis et al., 1996). One of the main explana- 
tions for differences in digestibility among cultivars is 
the relative proportions of the different plant compo- 
nents. Leaf material has been shown to be more digesti- 
ble than stem resulting in overall digestibility varying 
with the leaf-to-stem ratio (i.e. the leaf proportion [LP]; 
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Kernan et al., 1984; Capper, 1988; Habib et al., 1995; Tol- 
era et al., 2008). Leaf blade has greater digestibility than 
the leaf sheath (Ohlde et al., 1992) whilst chaff is also 
more digestible than the stem (Kernan et al., 1984). 

Leaf proportion is both genetically and environmen- 
tally determined. Increasing days to heading leads to a 
greater LP (e.g. in barley and rice, Capper, 1988) and 
digestibility is positively correlated with days to head- 
ing (e.g. Tolera et al., 2008) although this was not seen 
in Ramanzin et al. (1991). Plant height also influences 
digestibility through taller plants tending to have lower 
LP (e.g. Collins et al., 2014). Jensen et al. (2011) found 
digestibility decreased with increasing plant height; 
however, this is not always seen with Habib et al. (1995) 
reporting no relationship whilst Lindedam et al. (2012) 
found digestibility increased with increasing plant 
height (with overall digestibility unrelated to LP). Ear- 
lier harvesting has been found to lead to higher 
digestibility through greater leaf retention (McCartney 
et al., 2006). Weather conditions can also influence LP 
(Capper, 1988). 

In contrast to this, Ramanzin et al. (1991) found that 
LP was only of minor importance in determining over- 
all digestibility of cultivars as the digestibility of indi- 
vidual components (i.e. leaf and stem) varied among 
cultivars as well. Ohlde etal. (1992) found that 
digestibility decreased along the stem with the lower 
stem the least digestible; this could be due to variation 
in the proportion of specific tissues comprising these 
components (e.g. epidermis, mesophyll, parenchyma, 
sclerenchyma, xylem and phloem) as these are thought 
to have an influence on digestibility (Capper, 1988; Goto 
et al., 1991). Travis et al. (1996) found that digestibility 
was related to the thickness of sclerenchyma and epi- 
dermis, and the density of epidermis. Lindedam et al. 
(2012) suggested that the positive correlation between 
digestibility and plant height were due to the greater 
growth of the stem meaning that the tissue was easier 
to convert, rather than resulting from a difference in LP. 

The importance of these differences for the selection 
of cultivars for use as DPCs and for breeding purposes 
depends on the stability of this digestibility. Determin- 
ing this stability requires quantification of the extent 
that digestibility is influenced by genetic and nongenetic 
determinants (Oakey ef al., 2013). Environmental effects 
were seen in Jensen et al. (2011), where digestibility dif- 
fered between the two locations, but not in Larsen et al. 
(2012). Some studies did not use samples from multiple 
sites (e.g. Wu et al., 2014) preventing an assessment of 
environmental impacts. Differences in the relationships 
between digestibility and other factors, such as conflict- 
ing relationships between plant height and digestibility, 
could be due to environmental and management 
conditions favouring different plant growth and 


development; however, the information provided in the 
literature does not facilitate further consideration of 
these environmental drivers on digestibility. 

Studies have attempted to determine the heritability 
of digestibility to determine whether it is an appropriate 
target for breeding programmes. Based on differences 
among both cultivars and locations, Jensen et al. (2011) 
and Lindedam et al. (2012) calculated 29% and 57% her- 
itability of digestibility, respectively, suggesting that 
breeding programmes could increase the digestibility of 
future cultivars. However, the design of these experi- 
ments, along with the digestibility assessments, is likely 
to only capture some environmental variability as only 
a limited number of locations were compared, often 
without intralocation replication, and only a single sea- 
son of data was collected. The biomass sampling might 
also not be representative of the straw used for biofuel 
production as the majority of studies used hand- 
collected straw samples, which might include more 
chaff and leaf blades than the baled straw used for 
biofuel production; only Lindedam et al. (2010a) used 
baled straw for their assessments. 

Oakey et al. (2013) argue that experimental design 
must consider both the field trial and laboratory work 
as these both significantly influence digestibility. A 
robust experimental design can better predict the 
genetic determinant of digestibility. For future assess- 
ments of digestibility, experimental design must, there- 
fore, be carefully considered so as to provide better 
estimates of the potential increase in digestibility that is 
achievable. 

For the traits identified as being related to digestibil- 
ity, it is suggested that plants should be bred to have 
lower ash and lignin contents and higher LP. It is 
unclear how feasible it is to alter these traits using con- 
ventional breeding programmes. Transgenic technolo- 
gies may provide a more effective means of improving 
digestibility. They could provide a more targeted 
method for changes, such as altering the lignin biosyn- 
thesis mechanism (Phitsuwan et al., 2013). 


Lodging susceptibility 


Lodging is defined as the state of permanent displace- 
ment of cereal stems from their upright position 
(Pinthus, 1973; see Berry et al., 2004; for a review of 
lodging in cereals). Lodging events result from complex 
interactions between the plant, wind, rain and soil 
(Baker et al., 1998). The impacts of lodging vary greatly 
with many lodging events only causing small grain 
yield reductions whilst others can lead to reductions of 
up to 80% (Berry et al., 2004). It is estimated that in 
1992, severe lodging in the UK cost growers up to 
£130 million (Sterling et al., 2003). Lodging, particularly 
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towards the end of the growing season, can reduce 
grain quality, such as by reducing Hagberg falling num- 
ber, which limits the uses of the grain and likelihood of 
it achieving a premium price (Berry et al., 2004, 2007) 
hence further incentivising farmers to reduced lodging 
susceptibility. Lodging events can also increase farm 
operation costs, such as through increasing combine 
harvester costs (ABC, 2014), and can slow harvesting, 
potentially delaying field preparation for the next crop 
(Refsgaard et al., 2002). Lodging can also reduce mois- 
ture loss from the grain prior to harvest, increasing the 
need for grain drying postharvest (Baker et al., 1998). It 
is estimated that, on average, severe lodging occurs in 
UK wheat crops every 3-4 years when 15-20% of the 
area lodges (Berry et al., 2004). 

There are two distinct types of lodging: stem lodging, 
which is caused by the breaking of lower culm intern- 
odes and occurs when the stem bending moment 
exceeds the strength of the stem base, and root lodging, 
which is caused by disturbance to the root-soil interface 
and occurs when the total bending moment of a plant 
exceeds the strength of the root-soil interface (Berry 
et al., 2004). The plant structure influences the likelihood 
that a plant will lodge; in modelling the failure wind 
speed of wheat (i.e. the minimum wind speed that is 
likely to cause lodging in a particular plant at a particu- 
lar time), Baker et al. (1998) and Berry et al. (2003a) 
modelled the bending moment (also known as the 
leverage force), calculated from the height at the centre 
of gravity (HCG) of the plant, the natural frequency and 
the drag of the plant based on the ear area. The strength 
of the stem base is based on the stem material strength, 
which is determined by the breaking strength of the 
stem (tensile failure strength), internode length, and the 
stem radius and wall width of the lower internodes. For 
root lodging, the root-soil interface strength is based on 
the root plate spread and depth. 

As cultivars vary in their structural characteristics 
(e.g. HCG), this leads to cultivars varying in their lodg- 
ing resistance. Berry et al. (2003b) found that, for a selec- 
tion of 15 cultivars, stem failure wind speed ranged 
from 9.79 ms! to 12.71 ms! and root failure wind 
speed ranged from 7.15 m s7! to 11.81 m s™!. 

Farmers seek to minimize lodging through cultivar 
selection (Berry et al., 2004). RLs, such as those provided 
by the Home Grown Cereals Authority (e.g. HGCA, 
2012), provide metrics for lodging resistance. As lodging 
events can cause substantial yield and quality losses, it 
is unlikely that farmers would to be willing to grow cul- 
tivars with higher straw yields or digestibility if they are 
more susceptible to lodging; however, the relationship 
between plant structure and lodging susceptibility sug- 
gests that there are potential trade-offs between having 
good lodging resistance and improving other key DPC 


traits. The next section examines these aspects as well as 
other potential trade-offs between the key DPC traits. 


Trade-offs 


The literature described above has demonstrated culti- 
var variation in the straw yields, straw digestibility and 
lodging resistance. Some of these studies have consid- 
ered the relationship between these traits and grain 
yield. Relationships among the other traits have only 
received minor attention, and there are only limited 
direct measurements comparing these traits; however, 
correlations between various traits suggest that there 
may be trade-offs among these key crop traits. 

Considering potential trade-offs with grain yield is 
important because the breeding of cultivars with 
increased straw yield, at the expense of reduced grain 
yield, might exclude that straw from use as biofuel 
feedstock in the EU due to legislative definitions in 
addition to lowering returns from grain sales. Proposed 
revisions (EU, 2014) to the Renewable Energy Directive 
(EU, 2009a) and Fuel Quality Directive (EU, 2009b) sug- 
gest that a by-product (e.g. straw) will not gain classifi- 
cation as a ‘processing residue’ (which gives benefits in 
double counting of energy contribution and the alloca- 
tion of zero life cycle GHG emissions prior to its collec- 
tion; EU, 2009a) if the by-product component of the 
crop has been increased at the expense of the main 
product. However, it is unclear whether this definition 
precludes changing cultivars to increase straw 
digestibility (rather than biomass per se) if the increase 
in digestibility leads to a reduction in grain yield; it 
would, however, be expected that this development 
would be undesirable. 


Grain and straw yields 


Farmers in the UK are unlikely to sacrifice grain yield 
for increased straw yield because the value of straw is 
considerably lower than that of grain due to both less 
return per tonne and lower yields per unit area. 
Among high grain-yielding cultivars, there is variation 
in straw yield (Larsen etal., 2012; Bruening etal., 
2014), which suggests that cultivars can be selected for 
higher straw yields without compromising grain yield. 
The possibility of increasing straw yields beyond that 
of modern cultivars without compromising grain 
yields will depend on the relationship between the 
yield components. 

Breeding progress has led to increases in grain yields 
(absolute yield as well as a proportion of total biomass) 
over the past hundred years whilst straw yields have 
decreased (Austin et al., 1980; Shearman et al., 2005 — 
see Fig. la-c). There are two mechanisms through 
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which the grain yield can increase: through an increase 
in partitioning of resources to the grain (i.e. increase HI) 
and through an increase in AGDM. In a comparison of 
British wheat cultivars released between 1908 and 1978, 
Austin et al. (1980) found nongrain biomass tended to 
decrease whilst grain yields increased with newer culti- 
vars; this change was attributed to increases in HI with- 
out an increase in AGDM. Extending the comparison to 
cultivars released between 1830 and 1986, Austin et al. 
(1989) found the same pattern although AGDM was 
slightly higher for the newest cultivars they measured. 
Shearman ef al. (2005) considered cultivars released 
between 1972 and 1995 and found that, whilst improve- 
ment in grain yield up to 1983 resulted from increases 
in HI, after 1983, these were mainly the result of 
increases in AGDM. 

Similar studies have been conducted in other major 
wheat-producing countries. In a comparison of Argen- 
tinian cultivars released between 1912 and 1980, Slafer 
& Andrade (1989) found that grain yield increased with 
date of release, but overall, there was no increase in 
AGDM. Brancourt-Hulmel et al. (2003) found the same 
relationship when comparing French cultivars released 
between 1946 and 1980. Zhou et al. (2014) considered 
cultivars released from 1995 to 2012 in Henan Province 
China and found an increase in both AGDM and HI. 
Waddington et al.’s (1986) investigation of Mexican 
wheat cultivars found higher AGDM in newer cultivars. 
Donmez et al. (2001) considered cultivars grown on the 
American Great Plains released between 1873 and 1995 
and found four cultivars released between 1992 and 
1995 as having greater AGDM. 

The purpose of these studies has been to use past 
trends to infer future potential for grain yield increases. 
As can be seen from the studies discussed above, 
increases in HI have been mainly responsible for 
increases in yield, but there is evidence that AGDM has 
also increased. The potential for increasing wheat grain 
yields has been extensively reviewed (see Reynolds 
et al., 2009, 2012; Foulkes et al., 2011; Parry et al., 2011). 
The feasibility of increasing straw yields in wheat has 
not been given attention but, interestingly, increases in 
grain yield might necessitate increases in straw yield. 
This is because there is a limit to the HI and increasing 
grain yields beyond, this will require an increase in 
AGDM (Shearman et al., 2005; Lorenz et al., 2010). The 
limit to HI is unknown but Austin et al. (1980) hypothe- 
sized that there is an upper limit to HI of 0.62 based on 
extrapolating from an average HI and assuming leaf 
sheath and stem biomass could decrease by 50% (Austin 
et al., 1980). Foulkes et al. (2011) revised this to ~0.64 
based on assumptions about additional AGDM produc- 
tion. However, in recent years, there has not been a sys- 
tematic increase in HI of wheat cultivars (Reynolds 


et al., 2009). These HI might prove to be infeasible, in 
particular as they do not take account of the need for 
adequate stem biomass to prevent lodging (Foulkes 
et al., 2011), necessitating the need for higher AGDM. 

There is the possibility of increasing AGDM through 
increasing radiation-use efficiency (Long et al., 2006) 
such as through increasing photosynthetic capacity and 
efficiency (Parry et al., 2011). With this increase in 
AGDM, it would be expected that straw yields will also 
increase; however, there might be a practical limit to 
AGDM increases due to the interaction between straw 
yield and lodging, which is explored in the following 
section. 


Straw yields and lodging resistance 


In general, there is a strong correlation between straw 
yield and plant height (Engel et al., 2003; Larsen et al., 
2012; Long & McCallum, 2013). This correlation sug- 
gests selecting cultivars with high straw yield is likely 
to lead to the selection of taller cultivars and, because 
plant height correlates with lodging risk (e.g. Baker 
et al., 1998; Berry et al., 2003a), to an increased risk of 
lodging. This is supported by Berry et al. (2004) who 
showed that increasing biomass leads to a greater HCG, 
hence increasing lodging risk (though distribution of 
dry matter along the stem was important in the overall 
influence of biomass on HCG). However, among current 
cultivars, the relationship between plant height and 
straw yield is not always observed; for example, Don- 
aldson et al. (2001) found that the straw yields of a 
semidwarf cultivar did not differ significantly from 
standard height or tall cultivars. It may be possible to 
find cultivars that have high straw yield whilst also 
maintaining good lodging resistance through having 
shorter stems. 

As discussed in the previous section, greater straw 
yields could result from increased AGDM. To avoid 
reduced lodging resistance, this increase in AGDM will 
need to be achieved without significantly increasing 
plant height. Increasing AGDM could, in fact, lead to 
greater lodging resistance: Berry et al. (2007) suggested 
lodging resistance could be improved by having greater 
weight per unit length of the lower internodes, which 
would increase stem material strength but would also 
necessitate additional AGDM. Further work is needed 
to explore the relationship between lodging susceptibil- 
ity and straw yields. 


Straw digestibility and grain yields 


There appears to be no relationship between grain yield 
and straw digestibility (e.g. Ramanzin et al., 1991; Habib 
et al., 1995; Jensen et al., 2011; Lindedam et al., 2012), 
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suggesting that selecting or developing cultivars with 
higher digestibility will not negatively impact on grain 
yields. However, attempts to increase digestibility could 
lower grain yield through compromising plant fitness. 
Altering the cell wall components could result in weak- 
ening of the plant tissues, leading to reduced integrity 
(Pauly & Keegstra, 2008) potentially leaving the plant 
more susceptible to pathogens and pests (Li et al., 2008). 
In studies where Arabidopsis had been genetically modi- 
fied to have lower recalcitrance to digestion, some, but 
not all, of these studies found the plants had poor 
growth due to growth defects or altered susceptibility 
to pests or pathogens (Zhao & Dixon, 2014). It can be 
surmised that there is a limit to how much digestibility 
can be improved without compromising grain yields. 
Whether the variability in digestibility seen among cur- 
rent cultivars also reflects variability in susceptibility to 
pests or disease has not been assessed in the available 
literature. 


Straw digestibility and lodging resistance 


It has been hypothesized that stem digestibility is nega- 
tively correlated with lodging resistance. It has been 
suggested that breeding to reduce stem lodging through 
greater straw stiffness (ie. stem material strength, see 
section ‘Lodging susceptibility’) resulted in modified 
anatomical features of the stem that decrease the 
digestibility of the straw. Data presented in the litera- 
ture have been conflicted: Lindedam et al. (2010a) sug- 
gested that the low digestibility of one cultivar resulted 
from it having stiff straw, whereas Travis et al. (1996) 
found that a stiff-strawed wheat cultivar was more 
digestible than a soft-strawed wheat cultivar. 

It is thought that lignin plays a role in lodging resis- 
tance with greater lignin content increasing lodging 
resistance (Ma, 2009). As some assays have found a neg- 
ative relationship between lignin content and digestibil- 
ity (e.g. Lindedam et al., 2012), this would support that 
there is a trade-off between lodging resistance and 
digestibility. However, there is little experimental evi- 
dence for a correlation between lignin content and 
digestibility with some studies not finding a correlation 
(e.g. Kong et al., 2013). It is possible that any impact that 
the variation in lignin content has on lodging resistance 
is outweighed by structural characteristics such as lever- 
age force, making it difficult to identify a relationship 
between lignin and lodging. Also, not all of the lignin 
may be playing a mechanical role (Kohler & Spatz, 
2002), and therefore, the total amount of lignin present 
is not as important as how much of the total lignin is 
contributing to mechanical strength. This offers the pos- 
sibility that nonstructural lignin could be removed with- 
out negatively impacting on stem strength; however, 


this lignin may be important for other processes unre- 
lated to mechanical strength. Wang et al. (2012) sug- 
gested that cellulose might be more important in 
determining lodging resistance, which could further 
support the possibility of removing lignin without sig- 
nificantly affecting lodging resistance. 

As discussed in the previous section, modifications of 
the cell wall for improved digestibility could reduce 
integrity, which could result in greater lodging risk. 
Interestingly, Li et al. (2015) found that overexpressing 
the genes GH9B and XAT in rice simultaneously 
increased both digestibility and lodging resistance. 

Among the currently grown cultivars, there might 
actually be a positive correlation between straw 
digestibility and lodging resistance. This is because 
shorter cultivars tend to be associated with higher LP, 
giving higher digestibility, and lower stem leverage 
force, giving greater lodging resistance. Complicating 
this, however, are the contradictory results from Jensen 
et al. (2011) and Lindedam et al. (2012), so it is unlikely 
this is a consistent relationship. It is unclear why these 
studies differed in this relationship as the cultivars were 
grown at the same locations and followed the same 
management practices. 

Interestingly, depending on the strength of the rela- 
tionship between plant height and digestibility, this sug- 
gests that taller cultivars, which are likely to produce 
the most straw, are likely to have lower digestibility, 
potentially indicating a trade-off between digestibility 
and straw yield. 


Crop management 


As grain yield has been the priority in crop production, 
management practices have been optimized to maxi- 
mize this. It is possible that management practices could 
be used to maximize the other key traits of a DPC. This 
section considers how management practices, other than 
cultivar selection, can be used to increase straw yield 
and digestibility and considers how these may influence 
grain yield and lodging resistance. 

Plant growth regulators (PGRs) are used to reduce 
the lodging risk by shortening plant stems through 
reducing cell elongation and decreasing cell division 
(Berry et al., 2004) Berry et al., 2007). In the UK, PGRs 
were applied to 88% of the winter wheat area in 2010 
(Garthwaite et al., 2011). With the reduction in height, it 
would be expected that straw yields would also 
decrease; however, there are few studies that have com- 
pared straw yields between PGR treatments. Bragg et al. 
(1984) found that although application of the PGR 
chlormequat reduced plant height, it did not signifi- 
cantly influence straw or grain yields. PGR application 
shortened plant height but did not influence overall 
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AGDM in winter wheat (Cox & Otis, 1989) or triticale 
(Naylor, 1989). In a glasshouse trial of cereals, Rajala & 
Peltonen-Sainio (2001) found that PGR application 
reduced main stem growth and weight; however, this 
was for an early application of PGRs and measurements 
were taken 14 days after application. 

A limited number of studies found PGR application 
slightly reduced stem strength (Crook & Ennos, 1995; 
Berry etal., 2000), suggesting that PGR application 
could affect digestibility. It would also be expected that 
by reducing plant height, PGRs would lead to an 
increase in digestibility through an increase in the LP. 
Taken together, these suggest that PGR application 
might increase digestibility; however, in the two studies 
considering this a consistent pattern was not found. 
Sharma et al. (2000) found that PGRs, when applied 
with fungicide, increased digestibility though the inde- 
pendent effects of the PGR and fungicides were not 
determined. Savoie et al. (1994) did not find a consistent 
PGR effect on digestibility, but PGRs were only applied 
62 days before harvest, so it is unlikely that they had a 
large influence on plant form. 

From these studies, it is unclear how much of an 
impact PGR application has on straw yield or digestibil- 
ity and further work is needed to quantify these. From 
a trade-off perspective, PGR application can lead to a 
reduction in the area lodged by anything up to 70% 
(Berry et al., 2004), so the benefits of PGR application 
are likely to outweigh a small decrease in straw yield 
and digestibility. 

Lowering the height of the combine harvester cutter 
bar decreases stubble height enabling a greater amount 
of straw to be baled (Allen, 1988); however, farmers 
might not want to set the cutter bar too low as lowering 
it increases the straw moving through the combine and 
this can slow work rate and increase fuel requirements 
(Hill et al., 1987; Allen, 1988; Kehayov et al., 2004). There 
is also a risk of damage to the cutters and contamina- 
tion of grain with soil from cutting too low. Summers 
et al. (2003) found that the height that rice straw is cut 
influences not only the straw yield but also the compo- 
sition of the biomass material. Lowering the cutter bar 
could decrease overall straw digestibility due to increas- 
ing the proportion of straw consisting of lower stem, 
which is less digestible than the upper stem (Ohlde 
et al., 1992); this has been shown in barley straw feeding 
value (Wilson & Brigstocke, 1977). It has been suggested 
that better quality straw can be achieved by just har- 
vesting the tops of the plants (Kernan etal., 1984) 
although this would lead to low straw yields. As lower- 
ing cutter height is associated with potential costs, the 
merit of doing so would depend on how much addi- 
tional straw can be collected. There is also the problem 
of reducing the amount of residues being returned to 


the soil, which may not be sustainable (see discussion of 
sustainable straw removal in section ‘Introduction’). 

Altering N fertilizer application rate influences crop 
characteristics. The amount of N fertilizer applied influ- 
ences grain yield (Hay & Walker, 1989). Recommended 
levels of fertilizer are based on the economic optimum 
application rate that takes account of the grain yield hav- 
ing a curvilinear response to N application rate. The N 
applied also depends on the use of the grain, with 
bread-making quality grain requiring extra N fertilizer 
for the grain to have higher protein content (ABC, 2014). 

Above ground dry matter responds to increasing N in 
a similar manner to grain (White & Wilson, 2006), but 
there is limited work investigating how straw yield 
responds to N fertilizer rates above the economically 
optimal rates for grain production. Pearman et al. (1978) 
suggested that straw yield (stem weight and leaf area) 
was increased relatively greater than grain yield with 
the application of extra N; it is, therefore, feasible that 
straw yields could be increased further. 

Fertilizer levels have been shown to have an influence 
on digestibility though the influence is inconsistent: Fla- 
chowsky et al. (1993) found that very high applications 
of N led to higher digestibility, whereas Murozuka et al. 
(2014) found that higher N fertilizer application rate led 
to lower straw digestibility. Tolera et al. (2008) found 
that increasing N and P fertilizer application did not 
change digestibility; and Kernan et al. (1984) found that 
increasing N led to higher leaf digestibility, the same or 
lower digestibility in stem and no difference in chaff; 
the actual difference in digestibility among fertilizer 
treatments was very small. The reason for the inconsis- 
tency is unclear although these articles do represent dif- 
ferent locations and use different timings for N fertilizer 
application. Murozuka et al. (2014) suggested decreasing 
digestibility from increasing fertilizer level might be 
due to an increase in inhibitory factors or a decrease in 
LP. It is possible that several factors, such as the compo- 
sition of cell wall components and LP, are interacting, 
which could explain the different results. In these stud- 
ies, LP was not measured and it is unclear how LP var- 
ies with N fertilizer rate. 

If benefits to straw yield and digestibility are shown 
for high N fertilizer rates, this could shift the economi- 
cally optimal fertilizer level towards the application of 
greater amounts of fertilizer. However, any additional 
N could increase lodging risk as Berry et al. (2000) 
found that the timing of N application and the amount 
of N applied, as well as the amount of soil residual N 
influenced lodging resistance, with low soil residual N 
or low and delayed spring N application leading to 
stronger stem bases. There are also limitations to the 
amount of N fertilizer that can be used due to environ- 
mental considerations, such as nitrate leaching (Di & 
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Cameron, 2002) and the high GHG emissions associated 
with N fertilizer production and use (Snyder etal., 
2009). This suggests that changing fertilizer practices 
would be unlikely to happen specifically for improved 
traits although the removal of straw from the field does 
necessitate increased fertilizer requirements, in particu- 
lar phosphorus and potassium (Whittaker et al., 2014); 
however, there is debate about whether straw removal 
leads to the need for additional N relative to leaving the 
straw in situ as the microbial breakdown of incorpo- 
rated straw tends to require additional N itself 
(Powlson et al., 2011). 

Earlier sowing can lead to higher straw yields (Don- 
aldson et al., 2001) as well as higher grain yields (Hay & 
Walker, 1989) although this could come at the expense 
of increased lodging risk (Berry et al., 2000), as well as 
disease, weed, pest and drought risks (Hay & Walker, 
1989). There are also limitations to how early the crop 
can be sown due to a need to harvest the previous crop 
and prepare the land; this is likely to be even more lim- 
ited if time is required for baling straw from the previ- 
ous crop. Reducing the tillage operations (e.g. using no- 
till or reduced tillage) could speed up sowing of the 
wheat crop (Morris et al., 2010). It does not appear that 
wheat straw digestibility has been measured under dif- 
ferent sowing dates although it would be expected that 
sowing date would affect LP, which would lead to dif- 
ferences in digestibility. In winter barley, sowing date 
did not influence LP or the digestibility (Capper et al., 
1992); however, this was for a single field experiment 
and, in general, the influence of sowing date on crops is 
highly variable as it is dependent on weather conditions 
(Hay & Walker, 1989). 

Sowing density can influence grain and straw yields. 
Whaley et al. (2000) found that plants at lower seed 
rates compensated by increasing tillering duration, 
green area per shoot and shoot survival, which resulted 
in no significant difference in AGDM with sowing den- 
sity; however, they suggested that at medium sowing 
density, HI would be higher, which suggests this would 
have lower straw production. Donaldson et al. (2001) 
found that low straw yields were achieved at low sow- 
ing densities regardless of sowing date, whereas grain 
yield was only reduced from lower sowing density for 
later sowing dates. Lower sowing density has been 
shown to reduce lodging risk (Berry et al., 2000). To our 
knowledge, no work has considered how sowing den- 
sity influences digestibility; however, Whaley et al. 
(2000) found a general increase in green area per poten- 
tially fertile shoot with decreasing plant density sug- 
gesting an increase in LP at lower sowing densities. 
Differences in digestibility could potentially result from 
different ratios of main stems to tillers, possibly through 
changing LP. Increasing sowing density has been shown 


to reduce stem diameter (Easson et al., 1993), which is 
associated with lower lodging resistance. It has been 
suggested that reduced stem diameter could have an 
influence on digestibility through changing the propor- 
tions of structural tissues; however, a correlation 
between digestibility and stem diameter has not been 
found (Capper, 1988; Habib et al., 1995). 


Recommendations 


From the literature presented in this review, there is the 
potential to develop a wheat DPC although the scope to 
improve individual traits is limited. Specific cultivars 
that have high grain yields alongside high straw yields 
have been identified although there are currently limits 
on increasing straw yields further without compromis- 
ing grain yields. Should radiation-use efficiency be 
improved then this offers the opportunity for higher 
straw yields. The variation in straw digestibility among 
cultivars and the fact that digestibility is not correlated 
with grain yield suggest that cultivars can be bred to 
have greater digestibility, however, improving 
digestibility beyond that seen in current cultivars might 
not be possible without compromising plant fitness. 

There does not currently appear to be sufficient incen- 
tives for a dedicated breeding programme for develop- 
ing wheat DPCs. Before embarking on a_ breeding 
programme, it needs to be determined whether there 
would be a sufficient market for these cultivars. Wilson 
et al. (2014) found that if wheat straw were to reach 
£100 t™!, some farmers in England with both livestock 
and arable land would be willing to grow cultivars with 
longer straw (i.e. greater straw yields). Considering the 
recent straw prices of approximately £45 t lin England 
and Wales (Anon, 2014b), it is unlikely farmers would 
currently choose longer strawed cultivars. Taken 
together with the lack of market for high digestibility 
straw (for either bioenergy or animal feed), it appears 
that there is currently not a market for DPCs. 

There are a number of potential benefits to the use of 
DPCs. Provided that it does not decrease grain yields, 
increasing straw yields should increase farm revenue. 
Higher straw yields also lead to increased baling effi- 
ciency, which means farmers can supply a set amount 
of baled straw to a bioenergy plant in a shorter amount 
of time and at lower cost (Nilsson, 1999; Kuhner, 2013). 
Increasing feedstock supply density (e.g. by increasing 
the straw yields) can decrease the area of land required 
to meet a specific feedstock demand, which could 
decrease transport distances and, therefore, transport 
costs for large-scale biomass use for biofuel production 
(Hamelinck et al., 2005). Similarly, increasing digestibil- 
ity could lower feedstock requirements, and this could 
also result in reduced logistics costs. Because of this, 
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bioenergy producers might be interested in encouraging 
biomass suppliers to grow DPCs. Work is required to 
quantify these benefits. Alongside an increase in straw 
demand, these benefits could create a demand for 
DPCs. 

In section ‘Straw digestibility’, it was suggested that 
digestibility could be increased through having lower 
ash and lignin contents and higher LP; however, before 
embarking on a breeding programme to optimize these 
traits, it is important to determine the strength of the 
relationships between these traits and digestibility. As 
there are many factors that can potentially influence 
digestibility, changing a single trait may only have a 
minor impact on overall digestibility. Research is also 
needed to determine the variability in these traits and 
how this influences overall digestibility; as marketing 
cultivars as being more digestible will require a certain 
level of consistency in digestibility, which may not be 
possible if these traits show high levels of variability. 
Alongside this it is recommended that cultivars are 
assessed to identify the potential cultivars for use as 
DPCs, or to identify the genetic material for use in DPC 
breeding programmes. 

One difficulty in determining whether to breed culti- 
vars for higher digestibility is whether these cultivars 
will have a premium for the higher digestibility. Uncer- 
tainties about which types of pretreatment conditions 
and enzymes that will be used mean that the assays 
used in the assessments are unlikely to correspond to 
those used at the industrial scale; hence, the variation in 
digestibility seen among cultivars in the current assess- 
ments might not be seen in practice. 

There is also the issue of whether the results of the 
assays scale up from laboratory to commercial produc- 
tion scale. Lindedam et al. (2010a) used pilot plant-scale 
production and found that cultivar variation was still 
seen; however, differences were only seen under speci- 
fic enzyme loadings suggesting that differences in 
digestibility will depend on the system utilized for com- 
mercial-scale production. It is recommended that efforts 
to develop cultivars with higher digestibility are aligned 
with the development of specific biofuel conversion 
processes. 

Although higher digestibility could reduce costs for 
biofuel production, it is unclear whether biofuel produc- 
ers will pay more for higher digestibility straw. This 
would require being able to determine the digestibility 
of the feedstock when it arrives at the biorefinery. Cur- 
rent assays are expensive and time-consuming (Collins 
et al., 2014), which is likely to prohibit them from being 
used. However, work is considering methods involving 
the use of spectroscopy to determine the digestibility 
(e.g. Bruun et al., 2010; Lindedam et al., 2010b), which 
might allow quick assessment at the biorefinery. But 


even with this, biofuel producers might not be willing 
to offer different prices based on digestibility. For exam- 
ple, bioethanol yield of wheat grain used for FGB pro- 
duction varies with cultivar (Smith et al., 2006) but, for 
example, at the Ensus plant in Teeside, UK, there is cur- 
rently a flat rate paid per tonne of grain, regardless of 
potential bioethanol yield (Nick Oakhill, pers. comm., 
Glencore). Another example is that of straw used for 
straw-burning power stations in Denmark; leaving the 
straw on the field to be exposed to rain produces a bet- 
ter fuel by washing away substances such as chlorine, 
but farmers are not financially rewarded for doing this 
as straw is priced based only on weight and water con- 
tent (Skott, 2011). Wheat straw digestibility might also 
be excluded from differentiated pricing in line with the 
above examples. 

As management practices have been optimized to 
provide the highest grain yields, it is unlikely that farm- 
ers would be willing to change these. Some practices 
that maximize grain yield also maximize straw yield, 
whereas others can lead to trade-offs. The use of PGRs 
clearly benefits grain yield through improved lodging 
resistance but does not appear to have a significant 
impact on straw yields. Selecting taller cultivars could 
lead to higher straw yields though that is not always 
found, and it would lead to greater risk of lodging. 
Lowering the cutter bar height can increase straw yield, 
but there are other considerations, such as sustainable 
residue removal rates and additional fuel costs for har- 
vesting. Should farmers wish to increase straw yield, 
earlier sowing with a medium or high sowing density 
offers one way of increasing straw yield though there is 
an increased risk of lodging and carry-over of disease 
and pests. Earlier sowing requires quick field prepara- 
tion after the previous crop, and this may necessitate 
changes to tillage practices, such as reducing tillage 
intensity. Careful consideration of the rotation alongside 
other management practices for pest and disease control 
is also needed to reduce the risk of carry-over of disease 
and pests. 

Before a biofuel industry is established, work is 
required to determine how much feedstock can be made 
available without compromising food production or the 
environment and without competing with other straw 
users. This includes determining sustainable residue 
removal rates for specific locations; this may necessitate 
the development of new methodologies for testing soil 
properties for quick determination of safe levels of 
straw removal. 

Overall, there is considerable uncertainty in the future 
of the biofuel sector in Europe. This suggests that cur- 
rently there is little value in developing DPCs. The 
research presented in this review supports the possibility 
of improving straw yields and digestibility although cau- 
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tions that care must be taken to avoid negative impacts 
on grain yields and lodging resistance. Should a biofuel 
sector develop then there is scope for developing DPCs. 
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